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A E 3 TRACT 


Two rr.ajor ach’.evenients^ each of ^mch is unique, were accomplished 
uncer tr-is contract. The fi>^st was the discovery that the Pioneer 10 
plas"3 analyzer detected the io plasma torus during the spacecraft's flyby 
OT Jupiter in 1973. Evidence was found of corotating ions which appear to 
be primarily and 0^"^ in the Pioneer 10 plasma data as the spacecraft 
moved inward from 6.9 to 5.4 Rj. Tne Pioneer 10 plasmia profile shows a 
relative variation with radial distance remarkably similar to the Voyager 
density profile. Both profiles show a wel.l defined peak falling off steeply 
toward Jupiter and gradually decreasing away from Jupiter. The Pioneer 10 
plasma data are also consistent with a constant temperature for at least 
0.5 Rj outside lo's orbit. Our analyses demonstrate that the Pioneer 
plasma analyzer was surprisingly effective in obtaining information on the 
heavy ion populations the Jovian magnetosphere. The second major achieve- 
ment concerned the discovery that interplanetary solar wind plasma shocks 
can trap energetic particles (cosmic rays) for weeks and out to distances 
of 17 AU. We found that energetic particles (0.5 MeV to 20 MeV) were con- 
fined between two plasma shocks from solar flares (April 15 and 28, 1978) 
as the shocks propagated outward in the solar system. Shocks associated 
with both flares are detectable in the Pioneer 10 and Pioneer 11 plasma 
analyzer data. The shock/flare associations are different from those pre- 
viously published by others studying the interplanetary events. The 
apparent ability of a shock v/hose plasma signature is extremely weak to 
confine MeV protons in the outer solar system may have significant implica- 
tions for cosmic ray studies. Contrary to earlier analyses of these data, 
the results of our analyses also imply significant azimuthal asymmetry in 
plasma and energetic particle behavior even at distances as far as 16 AU 
from the sun. 
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I. INTRODUCTION 

This final report summarizes the work performed at Carmel Research Center 
under contract NA.S2-10925 with NASA Ames Research Center. The work on this 
contract was performed by Dr. Devrie S. Intriligator , Principal Investigator, 
and those working under her direction. 

Several major scientific discoveries were made under this contract. 

These discoveries and their significance are discussed below. The Importance 
of these discoveries is so high and the monetary cost of them to NASA is so 
relatively inexpensive that Carmel Research Center must point out that it is 
not in the best Interests of NASA Ames Research Center nor the overall D.S. 
NASA apace science activity to terminate this contract. Carmel Research 
Center urges NASA Ames Research Center to continue to support Dr. 

Intriligator 's work on Pioneer 10/11 Data Analysis of the Plasma Experiment. 

Dr. Intrlligacor is the only investigator currently associated with the 
Pioneer 10/11 plasma experiment who participated in all phases of the 
Instrument design, development, calibration, spacecraft integration, flight, 
and data analysis. W.D. Miller has worked with Dr. Intriligator on Pioneer 
data analyses since 1969. G.R. Steele, a Carmel Research Center employee, 
participated in the instrument design, development, calibration, and 
spacecraft integration. Carmel Research Center has the capability to continue 
to provide unique and significant contributions to Pioneer 10/11 data analysis 
of Che plasma experiment. The Carmel Research Center efforts would continue 
CO complement the plasma data analysis efforts carried out by the plasma group 
at NASA Ames. It is in the best interests of NASA Ames Research Center and 
NASA in general to continue Co support the Carmel Research Center efforts on 
Pioneer 10/11 data analysis of the plasma experiment. 
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II. THE DISCOVERY OF THE lo PLASMA TORUS IN PIOmSR 10 PLASMA DATA 

Publication ; "Detection of the lo Torus by Pioneer 10" D.S. Intriligacor 
and W.D. Miller, Geophysical Research Letters . _8, 409-412, 1981 (this paper is 
reproduced in Appendix I) . 

This paper presents the discovery that the Pioneer 10 plasiaa analyzer 
detected the lo plasma torus during the spacecraft's flyby of Jupiter in 
1973. We found evidence of corotating ions in the Pioneer 10 plasma analyzer 
data as the spacecraft moved inward from 6.9 to 5.4 Rj. We identified these 
ions as primarily and O"*^. or He''^ ions or other light ions were also 
observed during this time. The Pioneer 10 plasma profile showed a relative 
variation with radial distance remarkably similar to the Voyager density 
profile. Both profiles show a well-defined peak falling off steeply tov/ard 
Jupiter and gradually decreasing away from Jupiter. The Pioneer 10 plasma 
data are also consistent with a constant temperature plasma for at least 0.5 
outside lo's orbit. 

This paper is based upon an examination at CHC of the Pioneer 10 plasma 
observations. The previous study of Pioneer 10 data and the inner Jovian 
magnetosphere (Frank et al., 1976) did not include the particular telemetered 
values from wnich our detections of these ions was Inferred. We discovered a 
number of significant characteristics in the plasma data which are evidence 
for a variety of plasma phenomena not previously reported in Pioneer data. 

The basis of our results involves analyzing the data from the outer collectors 
of the Pioneer 10 plasma analyzer. These collectors view the direction of 
corotation. 

Our analyses demonstrate that the plasma analyzer was actually 
surprisingly effective in obtaining information on the heavy ion population in 
the Jovian magnetosphere. We showed that our instrument directly detected a 
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broad region of significant plaana density surrounding the orbit of Io> 

All of the analyses and the Interpretation of the data for this study 
were carried out at CRC by Dr •Intrlligator and by those working under her 
direction. 

This paper Is reproduced In Appendix I. 
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III. THE DISCOVERY THAT INTERPLANETARY SOLAR WIND PLASMA SHOCKS GAN TRAP 
ENERGETIC PARTICLES (COSMIC RAYS) FOR WEEKS AND OUT TO DISTANCES OF 
17 AD 

Publication ; "Plasma Shocks and Energetic Particles in the Outer Solar 
System: Trapping and Asymmetry Observations from Pioneer 10 and Pioneer 11," 

D.S. Intriligator and W.D. Miller, Journal of Geophysical Research, in press, 
1982 (this paper is reproduced in Appendix II). 

We found that energetic particles (0.5 MeV to 20 MeV) were confined 
between two plasma shocks from solar flares (April 15 and 28, 1973) as the 
shocks propagated outward in the solar system. This is the first observation 
of plasma shocks confining cosmic-ray energy particles. These results are 
important for understanding the modulation of cosmic rays and may also be 
important for understanding the basic physics involved in plasma shocks 
trapping and perhaps accelerating energetic particles. The trapped particles 
may have been accelerated by the shocks, or they may have been ejected by the 
flares, or they may have been ambient cosmic rays. It is likely that all 
three sources contributed. 

Our results Indicate that the propagation of energetic particles and 
their associated cosmic ray modulation effects may be different from those 
previously assumed. 

Our results are based on our analyses of Pioneer 10 and 11 plasma data 
and energetic particle data. The radial separation between the locations of 
the two spacecraft was important for this analysis. 

Our results suggest that the continued tracking of Pioneer 10 and 11, as 
they leave the solar system in opposite directions, is a very high priority 
since these data are unique and may lead to future discoveries as important as 
or even more important than those discussed in our paper. 
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All of Che analyses and interprecation of che data for this study were 
carried out at GRC by Dr. Intrillgacor and by those working under her 
direction. 

This paper is reproduced in Appendix II. 
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IV. THE DISCOVERY OF NOH-5VMMETRIC PROPAGATION TO THE OUTER SOLAR SYSTEM OF 

SOLAR "VIND PLASMA AND ENERGETIC PARTICLES 

Publication: "Plasma Shocks and Energetic Particles in the Outer Solar 

System: Trapping and Asymmetry Observations from Pioneer 10 and Pioneer 11," 

Q.S. Intriligator and W.D. Miller, Journal of Geophysical Research , in press, 
1982 (this paper is reproduced in Appendix II). 

We have discovered the first examples of asymmetric propagation of solar 
wind plasma and energetic particles to the outer solar system. Moreover, 
contrary to earlier analyses by others of the Pioneer 10 and 11 events 
associated with the April 15 and 28, 1978 solar flares, the results of our 
analyses imply significant longitudinal asymmetry in plasma and energetic 
particle behavior even at distances as far as 16 AU from the sun. Our 
analysis leads to a clarification of the effects of the shocks including those 
associated with cosmic ray modulation. 

We discovered that the observed Pioneer 10 and 11 shocks show a strong 
azimuthal asymmetry, each shock being unmistakably evident in the plasma data 
at one spacecraft and barely detectable in the plasma data at the other 
spacecraft. The evidence Indicates, however, that at large heliocentric 
distances the very weak shocks still have a strong effect on the MeV protons. 

In contrast to the analysis of others, we find from comparison of the 
energetic particle data at Pioneer 10 and 11 and at CdP that 11-20 MeV protons 
spread (perhaps latitudinally as well as longitudinally) much more than the 
0. 5-1.8 MeV protons. 

Our results are based on our analyses of Pioneer 10 and 11 plasma data 
and energetic particle data. The longitudinal separation between the 
locations of Che two spacecraft was essential for this study. 
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All of the analyses and interpretation of the data for this study were 
performed at CB.C by Dr. Intriligator and by those worlcing under her direction. 
This paper is reproduced in Appendix II. 
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Fig, 5 RaiaOve caopaiisaa (ob a iagantliiiiie aealat bacwaan CiM Piooav 
10 aad Vovagv 1 doaaitjr raaoita (Bagial aod SoUivaB. 1961). Tha 
nanaarl0dataaiecfaapaakenfnataalwi*auieiir«a#lmFigiira4 Tha 
PU pomts show cha daiivad lOo eharvi dantjr and tha PRA data ahoar 
tha elactraa daaartjr. For dantjr wa iiavo ehoM to vwticaily saparata 
thsPiooaar 10 pautta from tha V o y a gar p a u ita. Tbatiact daoarty vainaa 
have sot yet bM dacanmaad. 


la Fignre 4 corvao #1 and #2 show tha paok coxTaat aa a 
function of time of tha two parocia populaaona. coU ae t o r 1 (S***') 
and coUactor 2 10'"^. napoettvely. Thaaa eatunacas are boaad on 
the peak cnirent tn each anar g y eyde whan aoeh popniaaon la 
datactad imemtMgwowiy Thaaa pa^ cui ra nt a pravida a maaaora 
of tha ralaava vanatiana in ion daoaity aa a fu n c t i on of tuna. A 
rm oparienii of Figuna 2 and ennro #1 in Figon 4, showa tha 
qnaiitaava effacQvanaaa of thia machod of obtaining raiatxva ion 
danaity eacunatea. 

In Fignra 5, wa eompara tha Pionaar 10 paok cniranta shown 
in cnrva #1 in Figma 4, with tha Voyagar danaitiaa dartvod from 
tha PRA and PLS inatnunanta (Baganai and Suilivan. 19811 
wfaata tha PRA danwtiaB are aia ctron danaiBaa and tha PLS 
Hmunft— are thair raviaad ion danaitiiia. Fignre 5 showa a 
remarkahla res a mhlanra b at w aa n tha Pionaa r 10 and tha Vo3ragar 
pronlea. with a wailHiafrnad paak failing off staopiy with 
dacreoaing radial Hitaw miRe of '•5.7 Rj and dropping off 
gradually with increasing radial distance outward fnmi this peak. 
With nepoet to more quanntaava cmnpanaona. wa most cannon 
that wa do not yet know tha exact normidizataaa of tha Pio n eer 10 
data. Ruv the shape sumlanty la so grant wa chose not to draw 
tham supeninposad m Fignre 5. 

Oiacnaamn 


A. Ion IdanaficaaoB 

The energy of the peak currents in thaaa spectra la near the 
sum of the bulk kmeac energy and the mean thacmai energy, so 
aasuinmg corotaaoa the spectra m carves #1 and #2 of Fignre 3 
are consistent with E/Q ratios of 16 and 8. respectivaiy Tha 
plasma analyzw saporetas parades only by enargy>to<harge 
ratios (E;'Q). so that it is not poa a ibla to separata pomcles with 


tha same maaa^diarga ratio and tha same speed, such as 
corotating S’'" and O'* Furtharmora. tha instrninant’s ability to 
separata different ion popoiatuma closely spaced in E/Q is limited 
by a combination of mstrumant resolution, tha tamparatnras of 
t^ populationa. and tha rekava abondancas of tha populaaons. 
In view of tha Voyager (TV r ep ort s iBroadfoot at oL 1979; Sondel 
at oL, 19791 of the lo torna, the piauaibla identifications are S’** 
and O'* for E/Q w 16 and O'** for E/Q w 3. Tha lower appauent 
danaity of O'** relative to S** or O* is eoneiatant with tha 
Voyager IBroadfoot at oL 1979 and Sandal at al, 19791 and 
grT>nnd>baaad (Brown. 1976. 1978) aetimataa of tha tamparature 
of the lo tarns combined mth the high (38 eV) lomxatiao enargy 
ne eded to conv ert 0* to O** (Lwghton. 1959). 

It IS poombla. of coarse, that thaaa peaks re pr eea nt highor 
lonuaoon sutaa of beaviar eiemanre or molaoilas. Neithar onr 
spectra nor tha available Voyagar data provids a baste for in> 
femiig that targe qiientitiae of ajemants heavier than oxygen end 
snlfdr on presanc and tha available UV. 10a and eloctron spectra 
do not indicate the solar coroaa-iika conditions that would be 
n aadsd to prodncs vary high sums of lonuaaon. Thus it is 
poe eib l a to restrict eoniBdiiretion to a small range of ion spaoss. 
The following coneidaratiOBS suggest that S** is tha dominant 
100 m thaaa ohservetions. 

In polar velocity space owntinatas (tha natnral system lor 
OUT instnunanc, which maosuias fliu as a function of energy and 
two «"gi— > a coavactad Maxweilian diacnbotion is doacnbed by 

3/2 

B(v.p,a) - N{^^) e 3kT 

(v»-2svcos(a +a,)cos<p*’P») * $•! 

v>cosa dv dp da 

whare B(v,p.a) is tha di ff er ential fhix aa a funcOon of partieie 
speed v, a^ tha azimuthal (a) and polar (p) angles of parade 
motion. Hare s is tha s p ae d , and a<>. Po the diractioa angles of 
con v ectimL Evainating this fhnetion gives the width of the 
distribution at any value below the m ai ac t ro n volts 

for tha width m enargy or in degrees for tha angular -width. Thase 
widths vary mverseiy with the mass of the partidsa. and tha 
angular widths also deeraaso with inenosing convection speed. 
However, aa mspecnon of the formula shows, the angular winth 
doas not depond on charge. Therefore, O* and 0** distnbuaons 
of «imii»v ta m paracnres and flow direetiona would have similar 
angular eztonta. whoreaa an S** dutnbation under tha 
conditums would be only about half aa wide, measuring the width 
at. for ssample, 0.5 of the mavmimw if ws consider the actual 
widths of an S distribution and an 0 distribution at a 
tamparature of 2 z 10* K. traveling at 57 km/see (ths speed of 
corotating ions near lo a L-ohoil near tha magntir equator 
relative to ths tangenosl com p o B sn t of ths spacseiaft veioaty) 
ws find widths of 8* and 16*, re spec tiv ely. Considering that the 
earotaaonal dueeaon is 12* from ths outer edge of ths field of 
view (FOV) and that tha oalatmast dataetors eztand mward 7 5° 
from tha outor edge of tha FOV, it is claar that naithar spocias m 
any charge staca should have been detectable on an inner 
collector if the motion were strictly carotationei. The boundary 
between the fields of mew of the outermost collectors icoUactors 1 
and 5) and the innar eoUsetors (coUoctors 2 and 4) for the 
distribution parameters g i ven above is about 5 standard 
deviaaona frm the center of a strictly corotatmg oxygen 
distnbuQon and 10 standard dsviatioiia from the cancer of a 
strictly corotating sulfur disaihutum. 

Aa described above, the actual distribution of the heavy ions 
IS ofaemved only on tha oumnnoat coUactors, wmie the lighter 
ions are observed on the umar coliactors. An approzimata calcul- 
ation of poesibie distnouaoiis inmcatae that, assuming masses ot 
32 and 16, the observed reaults can be produced by a rauo of light 
10 ns to heavy ones of 2.1, and dsilaction from corotauon of 19° if 
both species have the some flow dnectioii. Altarnativelv a 
danaity rauo of 1.1. and a daflectiOD from corotauon of 22.5° 
could produce these results. Thus, the availabis information does 
not give a umque determination of the density rauo and deilec- 
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tion. but dose mdicato that planaibla valuae an eonautaat with 
the data. 

Our uaiysas indicate that the departure from corotation 
resulta pnmanly from a radially mward componaiit of motioa. 
The polar component la very slight. 

Sammanziag spaeiaa identification r»m«iflerep<m« | while 
Che lona with M/Q * 16 could be eithar S'"* or O'*, the difference 
in width of the two parade diatnbuaona detected mdicatea that 
Che ions on Che outer collectors are genuinely heevier than the 
ones with MfQ • 3 on Che inner co llectors. Thua, if Cha tons on the 
1 WHT collectors are O'***, the ones on Che outer c o Ue ct ora are prw 
dominateiy S'*** Presumably soina O'* is p r ese nt , as implied by 
cha O'** ions. 

We also note that the region of highaat O'*** density rouiades 
with the region of highest S'** density, and both are near the tune 
of crossing of the lo L*shail as calculated from the 03 model of 
Che Jovian magnetosphere (Smith «r aL, 197S; Kivelaon and 
Wings. 1976). 

While we have not p r e s e n ted m detail our light ion detacaona 
which might be H* or He'* or other loos. we note Chat they are 
present mternuttently through the lo toms and do not soongly 
suggest emission from la 

As illustrated m Figure 5, Che radial profik of the — 
relative ion density from our Pioneer 10 pi«««M analyser eo rre » 
ponds qnalitaoveiy with the danaitiao frm the 'Voyager results 
iWarwi^ tt oL, 1979, Bagwai and SulUvan, 19811. Alaa aa iUtt» 
Crated in Figure 2 the Pionear 10 urn spectra appear to be eon- 
siatant with a relativaiy mnetant ion te m per a t u re through much 
of the ontar torus at least from -• 2222 (JT( ■>6.6 R^) to 2291 UT 
('•6.1 Rp. The Voyager pie etna a x pe nm enters (Bagenai and 
Sullivaa 1981) have r eported a cmiarant ta m perat u ra m the outer 
toms. 

B. Instramental Effects 

We have recently analysed the inatminent behavur m detail 
by careful companaon of the ion data obtainad under the moot 
mtanas radiation (summansad m plats 1 of Frank ttaL, 1976), the 
sunolunaoua el e e t ruu data (unpublished to data), and the maim- 
facturer's areuit diagranu (aim unpuhliahsd), so it is now poe> 
sibie CO datarmine that the inatmmant *000 not severely affected 
by radiaoon in Che lo Coras. 

The peak currents of our spectra de t e ct ed m the lo torus are 
soma 60 cimas the apparent background m the lo toms. They are. 
at least, five Qmes the highest meihng from the tinH of moot 
mtanm radiatioa Alsa they am much larger than the currents 
detected osar the orbit of lo on the outbound aa]actary, when 
corotating 10 ns am not m the field of view of the matrumant. Cur* 
rents m them s pe c tr a am highly dependent on cha energy which 
Cha mstroment is sac to accapc aa shown m Figures 2 and 3. This 
could only occur if a true plasma diambutioa wem entanug chs 
instramanc aperture. This is unlike chs unquesaonabia radiaaaa 
effects cloear to Jupiter. There f ore, all of our analysts of Chs 
Pioneer data and instrumental etfacta, parocularly m light of tbs 
subsequent observations of Chs umar Jovian magnatospham 
(Kupo ft aL. Broedfooc tt aL, 1979. Bagenai and Sullivaa 1981) 
leave no doubt that the Pioneer 10 ptaama analyzer detected 
genuine corocaong lona 

Frank et oL, 1976 focused attenOon on the data from the 
center collector (coliactor 3). We see some evidanca of light ions at 
che losrast energiaa on coUactor 3. but ail the mom obvious heavy 
ion decscaona appear on coilactom 1X4. and 5, aa lUustmtad m 
Figures 2 and 3. The ion cnirenta we are analyzing axe more Chan 
five cunas larger chan cha highest reading from the time of most 
intenm radiation which was the time interval analyzed by Frank 
It aL 

Condnsions 

The Pioneer 10 obaervaaona preaantad above damonstmca 
chat cha mscrumentaaon was actually surprisingly effecnve in 
ootaining information on the heavy ion population m the Jovian 


magnetosphere. We have shown that the Pioneer 10 pla«ma ana- 
lyzer dire^y detected a broad region of significant pUama dens- 
ity surrounding the orbit of la Our analyses indicate that two 
corocating ion popuiationa am dearly dacactad over a broad inter- 
val. These observations am consiatent with identificaaon aa S** 
andO** Oir analyses aim impiy a raidally mward defiection from 
strict corotation of them lona. We have found avidenca of a rale- 
lively constant temperatnm of che ions between ~ 8.1 Rj and 
- 6.6 Rj. We have aim found mtanmttmc evidence of corotatmg 
H* or He** or other light lona 

The 1973 Pioneer 10 ion obae rv aaona presented above have 
numerous quahtaava similanam to chs Voyager obaervaaona m 
1979. The shapes of the radial pri^lea am similar, m shoam m 
Fignm 5. The aray they both sium a rapid decmam coward Jupi- 
ter and a sloarar daoeam away from Jupitar suggests chat such a 
density profile may be a paraiatant fmtum of lo s plasma Coras. 
However, Che Voyager pa^ is at -a.7 Rj and the Pionaer 10 peak 
IS at * 6 R, (2297 UT) The Pionea r 10 and Voyager observaoona 
both indicate that cha cemperacum was approzimateiy constant 
over a wide radial liistanca 

Mora quanataava anaiyam of the Pionear 10 obsarvationa 
will be published m the futuia Quanataove companmns with 
the Voyager data should help us understand the diffamncm be- 
tween conditions m Oscemhar, 1973 and March. 1979 and may 
provide m er e ase d maight mto the large tamporai variability 
(Meklar and Evucar. 1980) of the contant irf the lo tonu. 
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ABSTRACT 


Energetic protons (0.5-20 MeV) appear to be trapped between a pair of 
shocks associated with the najor solar flares of April 15 and April 28, 

1978. Prolonged trapping (for a period of weeks) is implied by the large 
count rate enhancement and the large range of radial distances and 
longitudinal angles over which the trapping is observed. Shocks associated 
with both flares are detectable in the Pioneer 10 and Pioneer 11 plasma 
analyzer data. These shock/flare associations are different from those 
previously published by others studying the interplanetary events. The 
evidence for trapping has not been recognized heretofore most likely because 
of the unobservability of the April 15 flare (located 150° E of the Sun- 
earth line) and of the faintness of the signature in the plasma data of one 
shock in each pair. The apparent ability of a shock whose plasma signattire is 
extremely weak to confine tleV protons in the outer solar system may have 
significant implications for cosmic ray studies. Contrary to earlier analyses 
of these data, the results of our analyses also Imply significant azimuthal 
asymmetry in plasma and energetic particle behavior even at distances as far 
as 16 AU from the sun. The combination of these observations provides 
evidence for unexpectedly complex interactions in the outer solar system 
between energetic particles and solar wind plasma. 
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INTRODUCTION 

A very large aolar flare (importance 3B) began at 1304 OT on April 28, 
1973 in McMath Region 13266 and continued for more than nine hours. 
Disturbances in solar wind and cosmic ray behavior which were apparently 
associated with that event were observed at the earth, at Pioneer 11, and at 
Pioneer 10 (Pyle, et al., 1979; Van Allen 1979). These previous studies 
inferred from these observations a high degree of cylindrical 33rmmetry In 
plasma and energetic particle behavior. Pyle, et al., also noted evidence for 
a large flare on the unobservable hemisphere of the sun on approximately April 
15. 

Prevloiis studies have shown (Intrlllgator 1977, 1980) that the shocks 
from large flares can propagate with nearly constant speed over large radial 
distances. In the process of our 3tud3rlag Pioneer 10 and 11 plasma analyzer 
data to determine the apparent propagation speeds of Interplanetary shocks la 
1978 we discovered evidence of a previously unrecognized forward shock In each 
data set, a possible reverse shock in the Pioneer 10 data, and a firm 
association of the large shock on May 27 at Pioneer 10 with the April 15 
flare. When we plotted the shocks identified in the plasma data on a figure 
from Pyle, et al., we found the apparent precise correspondence of each shock 
with a significant change in Che energetic proton count rates at Pioneer 10 
and 11. As described below we have concluded that Che energetic particle 
changes indicate that large aundiers of particles in the energy range of 0.5- 
1.8 MeV and 11-20 MeV were trapped between the forward shocks. If this is the 
case, Che observed characteristics of these particles discussed by Pyle, et 
al., may be due partly to the crapping process. Instead of or in addition to 
Che acceleration at Che shocks. A careful examination of these observations 
(see Figure 8 below) also suggests that Che azimuthal symmetry of the 



energetic proton behavior implied by the analyses of Pyle, et al., and as 
discussed by Van Allen may have been overstated. However, our analysis 
actually leads to a clarification of the effects of shocks including those 
associated with cosmic ray modulation. The increased insight available from 
careful examination of the detailed plasma analyzer data suggests that further 
knowledge might be gained by a more comprehensive study involving higher time 
resolution particle and field data. 

The organization of this paper is as follows: In the Observations 

section first we present the specific feattires in the Pioneer 10 and 11 plasma 
data during this period that are relevant for this study. Then we present the 
available higher time resolution plasma parameters for each of the shocks and 
present some calculated characteristics of the shocks. Then we show a 
comparison of the Pioneer 10 and 11 solar wind speed with the energetic 
particle data. In the Discussion section we first describe our assoclatxons 
of the observed interplanetary shocks with specific solar flare events. In 
this connection we present some IMP energetic particle measurements that 
contribute to our identification of the specific solar flare events. Next we 
discuss the evidence for energetic particle confinement between the 
interplanetary shocks. Finally, we discuss the longitudinal characteristics 
of the propagation to extended heliocentric distances of the plasma and 
energetic particles associated with these events and the evidence for 


azimuthal asymmetry 
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OBSERVATIONS 

Figure 1, adapted from Van Allen, shows Che geometric relations of Che 
spacecraft and flares in early 1978. As Indicated in Figure 1, the earth and 
Pioneer 10 were about 170° apart in ecliptic longitude with Pioneer 11 about 
halfway between them. Ue are primarily studying the effects of the April 15 
and 23 flares. The April 28 flare had importance 3B. Since Che April 29 
flare was a 2B flare, Che April 28 flare most likely made Che major 
contribution to the interplanetary disturbance. Both the April 28 and 29 
flares occurred in Region 15266. Extrapolation suggests that the flare of 
April 15 also probably occurred In Region 15266 which was not on the visible 
hemisphere at that time. 

Figure 2 shows a detailed plot of Pioneer 10 speed and density data. In 
addition Co Che first large speed and density jtimp, there are smaller abrupt 
speed rises which appear to be, respectively, a possible reverse shock and a 
forward shock, based on the simultaneous density changes recorded. The 
identification of Che second shock as a reverse shock Is tentative being based 
upon Che apparent density decrease in Che NASA Ames least squares plasma 
parameters. Figure 3 is a similar plot for Pioneer 11. It shows a small 
shock on May 8 (Day 128) preceding Che large shock on May 11 (Day 131) . 

Figures 4 through 7 present the available higher time resolution plasma 
data associated with Che Pioneer 10 and 11 shocks shown In Flg\ires 2 and 3. 

As Indicated in Figure 2, the large Increase in solar wind speed on May 27 
(Day 147) occurred during a data gap so that for this one event the higher 
time resolution plasma data are not available. However, there is no doubt 
from Che plasma data shown in Figure 2 chat a significant increase in solar 
wind speed and density occurred during this data gap. As discussed below, the 
uncertainty of when in the data gap Che change in the plasma parameters 
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occurred does not affect any of the conclusions of this study. 

Figure 4 shows the higher time resolution data for the next Pioneer 10 
shock. These data from June 1 (Day 152) indicate that following a data gap 
the solar wind speed increases quite sharply from /-« 430 km/sec to 520 km/sec 
and the density decreases by about a factor of two. We have, therefore, 
identified this event as a reverse shock. 

Figure 5 shows the higher time resolution data for the third Pioneer 10 
shock. This forward shock, which occurs on June 5 (Day 156), is characterized 
by a sharp increase in speed and a simultaneous density increase. 

The next two figures present the Pioneer 11 higher time resolution data 
associated with the two shocks denoted in Figure 3. Figtnre 6 shows the 
forward shock observed on Jlay 8 (Day 128). This shock is characterized by a 
sharp increase in speed and a small density increase. 

Figure 7 shows the higher time resolution plasma parameters observed on 
May 11 (Day 131). The large sharp jump in speed and the pronounced density 
increase clearly denote the passage of a forward shock. 

Table I summarizes the characteristics of these shocks. The average 
transit speed of the shock, in km/sec, from the sun to the spacecraft or the 
earth is shown in the column Vg The local speed of the shock, in 

km/ sec, is indicated in the column Vghock<^»N> (Intrillgator , 1980). 

The local shock speed was obtained by using the flux conservation 
eqtiation: 


^SHOCK 


V-N - V, N 

^ P2 ^ P] 

N - N 


where and V 2 are, respectively, the preshock and postshock plasma speeds; 

and N and N are, respectively, preshock and postshock proton number 
?1 ?2 
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densities* In the case of the first Pioneer 10 shock, which occurred during a 
data gap, the plasma parameters measured before the gap and after the gap were 
used In this calculation* For the remaining shocks representative preshock 
and postshock values of the plasma parameters were employed* 

Figure 8 Is a comparison of the Pioneer 10 and 11 solar wind speeds and 
Che energetic particle data* The energetic particle data are from Pyle, ec 
al* Figure 8 shows the times of the shocks in each panel, indicating the 
apparent coincidence of the rise in the energetic particle count rates with 
Che first forward shock in each case, and the fall of Che count rate with Che 
second forward shock* 

The reader should note chat Che energetic particle data are plotted on a 
logarithmic scale* Therefore, for example, while the three orders of 
magnitude rise (on Day 110) in the counting rate in the upper panel for Che 
11-20 MeV protons on Pioneer 11 looks larger chan Che rise of one order of 
magnitude on Day 128, in absolute terms a rise from *01 to 10 is not as 
large as a rise from 3 to 30* These numbers apply approximately to the upper 
Pioneer 11 panel in Figure 8 and Che same comment applies to the ocher panels 
of energetic particle data. The variations in Che 11-20 MeV counting rates in 
Che Pioneer 10 data probably would not have been considered significant if no 
other information had been available, but Che variations in this plot do 
correspond to Che larger variations in the other panels of Pioneer 10 data. 

For Che time inteirval between the shocks the counting rates associated with 
Che 0* 5-1*8 Mev protons is much larger chan the counting rate at other 
times* The Pioneer 10 data also show chat coincident with the second shock 
there is a decrease in Che energetic particle count rate* 

The times of several solar flares are shown by Che small triangles. 

These flares produced significant enhancements in Che HIP energetic particle 
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data as plotted in the Solar-Geophysical Data for April 1978 (see also Figure 
9 below) . The dashed lines denote our inferred associations of variations in 
particle count rates with the solar flares. These associations are based on 
the correspondence with the changes in the 0.5-1. 8 MeV protons where these 
events are better separated and their Interpretation less ambiguous. 

We emphasize that these are not the only events which occurred during 
this time. Figure 3 also shows plasma and energetic particle variations which 
are associated with other flares, or perhaps some are associated with CIR's in 
long-lived screams from coronal holes. However, Che April flares discussed in 
Pyle, et al., were Che most important flares for a period of more than a month 
and we are in agreement with them that these flares and the associated plasma 
and particle disturbances can be usefully studied as a self-contained group of 


events 
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DISCUSSION 

Flare/Shock Associaclons 

Our revision of the flare/shock associations of Pyle, et al., and Van 
Allen is based upon (1) the apparent coincidence of the plasma and energetic 
particle variations indicating that a major disturbance passed through the 
solar system and (2) the evidence we have gathered that the April 15 flare 
was probably of importance 3 and the observation that the April 28 flare was a 
3B flare. 

Since the April 15 flare is important in our analysis, even though it was 
not on the visible disk, it is worthwhile to review the information that 
indicates this flare's existence. First, from early April to late June, 1973, 
there was only one plage region on the sun which frequently produced major 
flares. This region was given McMath numbers 15214, 15266, 15314, and 15368 
on four successive solar rotations. The Solar-Geophysical Data abbreviated 
calendar record indicates that this region is known to have produced two 3B 
flares and three or four 2B flares during this period when it was on the 
visible hemisphere of the sun. Since evidence exists of a major flare on the 
invisible hemisphere of the sun when this region is on that hemisphere, there 
is a strong presumption that the flare would have occurred in this region. 

The obser'/ed flares of April 3, 28, and 29 discussed in this paper all 
occurred in this region. Furthermore, it is not improbable that such a large, 
flare-rich region might emit flares on the invisible hemisphere. The rise in 
energetic particle flux that is observed at the earth in the DIP energetic 
particle data late on April 16 (see Figure 9) does not correspond with any 
visible H alpha flare. However, such large rises in count rates at these 
energies are not known to be caused by anything other than a solar flare. The 
obvious inference of a major H alpha flare on the invisible hemisphere is 
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strengthened by the remarkably slow rise and long persistence of the 
enhancement. Such behavior is characteristic of flares which occur east of 
the central meridian of the sun since the particles must reach the earth by 
cross-field diffusion rather than the direct field-aligned streaming possible 
for particles from western flares. The farther east the flare, the more 
diffusion is needed, and so the slower the rise and fall and the lower the 
peak flux. A flare east of the eastern limb would show these characteristics 
in an even more exaggerated form. Thus the energetic particle record taken 
alone is strong evidence that a H alpha flare occurred east of the east limb 
roughly a day before the particles arrived at earth. Region 15266 was about 
E150' at this time. Both the known high acti’/ity of this region and the long 
persistence of the particle enhancement, indicating an energetic flare that 
produced many particles, imply that a large flare occurred at this time. We 
are referring to this flare as the "April 15" flare because the timing of the 
arrival of particles suggests that the flare most likely occurred sometime in 
the morning or afternoon of April 15. However, if the flare occurred late on 
the 14th the conclusions in this paper would not be changed. 

The recent publication on "major flares" (Dodson and Hedeman, 1981) 
indicates an event on the morning of April 15 from 0630 UT to 0703 UT 
occurring at N14W08 in Mcltath Region 15235. Their listed information 
concerning this flare is unusual in chat there is no observed H alpha acti'/ity 
associated with the flare yet they list a great deal of intense radio 
activity. Based on the IMP and Pioneer observations, we would argue that Che 
listed intense radio activity can be associated with a "major flare" - a 3b 
flare - on the invisible hemisphere of the sun. The flare could easily have 
lasted longer than the observed radio activity. We conclude chat the recorded 
radio activity is also supporting evidence for the existence of a major flare 
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(3b) on the invlaible hemisphere on April 15. 

Figure 3 indicates the shocks in the Pioneer 10 and 11 solar wind plasma 
data and the simultaneous changes in the energetic particle observations. 

Table 1 shows agreement '^'liO km/sec) between the average transit speeds, 

Vg (.g 3 /(j» from the sun to Pioneer 10 and 11 for the April 15 flare. Since 
the April 15 flare did not occur on the visible disk we do not know the exact 
time of the flare , although on the basis of the Dodson and Hedeman listing we 
know that the flare most likely occurred before 0630 DT which would yield a 
transit speed < 639 km/sec. The transit time from the sun to Pioneer 10 and 
11 is long enough that in each case the uncertainty about the time of day when 
this flare occurred does not lead to significant uncertainty in the average 
transit speed. However, in the case of the earth the average transit speed is 
highly uncertain (see Table 1) since the distance and times are relatively 
short. Identification of the Dodson and Hedeman listing as the flare would 
give good agreement of speeds in this case also. 

Another strong piece of evidence supporting our flare/ shock associations 
is that the first shock was strong at Pioneer 10 but weak at Pioneer 11, while 
the second shock was weak at Pioneer 10 and strong at Pioneer 11. Given the 
closeness of Pioneer 10 to the ecliptic longitude of the first flare and the 
closeness of Pioneer 11 to the ecliptic longitude of the second flare, this 
relation of shock strengths is Just what would be expected based on previous 
experimental and theoretical studies (Dryer, 1975; Intriligator , 1977) of 
shock strengths as a function of azimuth from the longitude of the flare. The 
Pioneer 11 plasma observations on May 8 (Figure 6) associated with the first 
flare, for example, were measured at a longitude considerably east of the 
flare site. Dryer (1975) indicates that at this relative location the shock 
would tend to have the appearance of a qxiasl- parallel shock with the 
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attendant Jagged plasma parameter fluctuations. The ?loneer 11 plasma data In 
Figure 6 are consistent with this view of the longitudinal evolution of 
Interplanetary shocks. 

As discussed in more detail below, during this time there is also no 
evidence for other solar events of sufficient magnitude to be likely 
alternative candidates for the sources of the shocks. The details of the 
plasma and energetic particle variations at Pioneers 10 and 11 for these 
events do not resemble a GIB. from a coronal hole stream. 

It appears that we have evidence from 1 to 16 AU for a correspondence 
between the depth of a Forbush decrease in cosmic ray detectors and the local 
strength of a shock as measured by plasma (and perhaps also plasma wave) 
instruments. Examination of Figure 2 from Van Allen (1979), which for 
completeness we have reproduced here as Figure 10, indicates that Detector C 
of the University of Iowa cosmic ray instrument on Pioneers 10 and 11 appears 
to show small Forbush decreases at about Day 128 (Hay 8) at Pioneer 11 and Day 
156 (June 5) at Pioneer 10, corresponding with the times of arrival of the 
small shocks we discussed above. Pyle, et al., cite a small decrease on April 
17 which they tentatively associate with the April 15 flare. Examination of 
the mP solar wind data in the Solar-Geophysical Data shows that a small shock 
passed the earth at the time of a sudden commencement that began a brief, weak 
magnetic storm (maximum Kp * 5") . Thus we have evidence that these weak 
shocks propagated from 1 to 16 AD and produced weak modulation effects while 
the strong shocks which attracted previous attention produced strong 
modulation. The "ambient” earth-based observations show that this 
correspondence is not "perfect" at 1 AD but the existence of such 
correspondences in these data for larger radial distances raises the 
possibility that the behavior Is simpler at larger distances and may clarify 
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the complexities seen at 1 AO. 

Further evidence of the traversal of the shock may be provided by the 
possible observations of the shock by the Voyager plasma wave instrtjment (F.L. 
Scarf, private communication) and plasma science instrument (J* Belcher, H. 
Bridge, private communication)* The Voyager plasma wave instrument (PWS) 
observed a shock on April 24, 1978 at approximately 1435 UT. This event is 
shown in Figure 11. The Voyager 1 plasma science (PLS) data show a moderate 
50 km/ sec) increase in speed (in the hourly averages) in association with 
this event. At this time Voyager 1 was at 3.00 AU and its earth-sun-probe 
angle was 248.8°. Associating this shock with the April 15 flare we obtain an 
average transit speed (V^ s/c^ shock of approximately 550 km/sec. 

This transit speed is intermediate between the corresponding average transit 
speeds obtained for this event from the Pioneer 10 and Pioneer 11 observations 
(see Table I). Moreover, this agreement is particularly reasonable given the 
longitudinal location of Voyager 1 with respect to the flare site and the 
Pioneer 10 and 11 spacecraft. The plasma wave observations are most likely 
indicative of a quasi-parallel shock in agreement with our discussion 
concerning the plasma observations of this event at Pioneer 11. 

We conclude that the April 15 and April 28 flares were extremely 
energetic events with the April 15 flare producing enormous numbers of highly 
energetic particles. A rough indication of the energies of these events can 
be inferred by comparing the energetic particle curves for the April 15 and 28 
flares in Figure 8 with the particle production of the April 8 flare which was 
a 23 event. Comparing the particle and plasma data for these events with 
those, for example, of the August 1972 events suggests that often flares 
smaller than importance 3 are not as likely to have sufficient power to cause 
major shocks in the outer solar system. Importance 3 flares are sufficiently 
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rare that observations of a pair of such flares, within two weeks, followed by 
the observation of plasma and particle disturbances in the outer solar system 
generally consistent with the constant speed approximation used successfully 
elsewhere, provides a strong presumption for associating corresponding 
events. It is tempting to speculate that had the April 15 flare occurred on 
the visible hemisphere of the sun, as the April 28 flare did, it would have 
been classified as of importance 3 and the interplanetary associations might 
have been deduced immediately. The IHF particle detector record indicates 
clearly that no major H alpha flares occurred, though several minor flares 
did, between April 15 and April 28. Coronal holes and their associated high 
speed streams usually do not produce such disturbances in the inner solar 
system. Also, the characteristics of corotating interaction regions (CIR's) 
are quite different from the plasma and energetic particle observations 
presented in this paper. Therefore, it appears that there are many lines of 
evidence supporting our flare/shock associations. 
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PARTICLE CONFINEtlENT 

Confinement of the energetic particles between the forward shocks Is 
strongly suggested by the manner In which the particle count rates rise with 
the first forward shock and fall with the second. Currently we do not have 
access to higher time resolution energetic particle data so that the exact 
timing of the energetic particle variations cannot be defined In greater 
detail. However, the coincidence of the shocks and the gross changes In the 
energetic particle count rate 1s so evident that the principal aim of future 
more detailed studies (e.g., emplo 3 rlng higher time resolution energetic 
particle data) 1s likely to be directed toward studying the structure or 
mechanism of this event, or comparison with other events. 

All of the observations are consistent with a view In which energetic 
particles from the April 1978 solar flares, as well as particles accelerated 
at the shocks, were confined between the two shocks, and were compressed as 
the faster moving second shock was overtaking the first shock. If we consider 
Figure 8, we see that It must show two groups of particles from each flare - 
the ones arriving first that propagate freely to the spacecraft and the 
trapped particles arriving later since they are confined by the Interplanetary 
shocks. The particles that propagate freely to the spacecraft travel with a 
speed of tens of thousands of kilometers per second, and even allowing for 
Irregular paths In diffusion, arrive at the spacecraft In only a few days. In 
contrast, the trapped particles must have a bulk motion no faster than the 
plasma shocks which confine them and which travel at speeds of hundreds of 
kilometers per second. Thus the trapped particles arrive with the shocks much 
later than the freely propagating particles. Generally some particles for 
each flare would be trapped and some would propagate freely. 

A schematic depiction of this trapping concept is presented in Figure 
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12. In this figure the locations of the shocks and the trapped particles are 
depicted approximately as they would have been on May 3 when the first shock 
reached Pioneer 11. The shock fronts in the vicinity of Pioneer 10 and 11 
have been drawn by using the constant-speed approximation discussed above and 
connecting the points with arcs of circles. The trapped particles have been 
depicted extending over this angular range, and slightly beyond, since It 
appears plausible that the particles could be present over the angular range 
between the two spacecraft and perhaps outside. The constant-speed 
approximation Indicates that the second shock would overtake the first shock 
near 9 AU In the ecliptic longitude vicinity of Pioneer 11. This would Imply 
that the appearance of the shocks and particles may be significantly different 
as they approach Pioneer 10. The reverse shock Is not shown in Plgure 12 
since we do not know where It was formed. 

The shape of the shock fronts is likely to have been a little different 
from the arcs of circles shown in Figure 12 but available observations do not 
provide enough Information for a more realistic portrayal. In particular, the 
shape of the second shock front, propagating Into the ejected gas from the 
first solar flare and into the shocked ambient solar wind. Is difficult to 
estimate. Table I shows that the constant speed assumption clearly does not 
hold as well for the second shock as it does for the first - the first shock, 
of course, propagated into relatively undisturbed solar wind. However, the 
behavior of the second shock may be comparable to the larger apparent speed 
variations of the shock associated with the third solar flare of the August 
1972 events (Intriligator , 1977), which also propagated into disturbed solar 
wind conditions. Sufficient numbers of multi-spacecraft observations and 
hydrodynamic calculations, such as those described in Dryer (1975), should 
eventually allow more realistic estimates of shock propagation and shock 
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shapes in the outer solar system. 

In the case of the Aprll/May events, it appears possible that some of the 
observed characteristics of the energetic particles in the vicinity of the 
shocks might be partially due to the trapping process. Specifically, the 
absence of dispersion with energy may be understandable in terms of the 
particle confinement between the shocks. If the particles have been reflected 
repeatedly between the shocks, rather than propagating freely from the sun, 
this may account for the lack of dispersion. 

An additional line of evidence for particle confinement may be found in 
comparing the relative magnitudes and durations of the energetic particle 
enhancement between the two shocks in this event with the magnitude and 
duration of the enhancements at both Pioneer 10 and 11 associated with the 
single major shock emanating from the solar flare on Septendier 23, 1978, and 
perhaps also from the flare of September 27, 1973. Another figure from Pyle, 
et al., a portion of their Figure 4 which we have reproduced here as Figure 
13, indicates that in the case of the September flare the effect at both 
spacecraft is almost undetectable for 11-20 lieV protons, and the enhancement 
in 0. 5-1.8 MeV protons at Pioneer 10 was strong but brief when the shock 
passed with a rapid rise and a more or less exponential decline. Thus, the 
energetic particle observations for these September flare events are unlike 
the more nearly rectangular profile of the energetic particle enhancement in 
the same energy range observed between the April shock pair as shown in Figure 
8 above. Similarly, the enhancement in this energy range at Pioneer 11, when 
the shock for the September event reached there in late October, was also much 
smaller than the energetic particle enhancement between the shocks associated 
with the April events shown in Figure 8 above. 

A recent paper (Webber and Lockwood, 1981) may provide indirect evidence 
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for Che trapping of energetic particles between interplanetary shocks. Webber 
and Lockwood studied the long-term modulation of cosmic rays with energies 
greater than 60 MeV, employing Pioneer, Voyager, and IMP data from 1972- 
1980. They conclude that "the long-term modulation effects are propagated 
outward radially from the sun with a typical speed of 350-500 km/ sec." These 
authors discuss this outward propagation effect and the fact that it Is 
opposite to a time dependent cosmic ray model (O'Gallagher and Maslyar, 1976) 
which assumes Inward propagation from the extended boundary. Webber and 
Lockwood conclude that conventional stationary state modulation theories need 
to be modified. It Is tempting to speculate that the solar modulation 
effects' outward radial propagation at speeds comparable to Che solar wind 
speed Is attrlhutable, at least In part, to the confinement of energetic 
particles between Interplanetary shocks. 

Two interesting speculations are raised by the considerations of shock 
propagation. Pioneer 10 is travelling toward the expected tall of Che 
heliosphere and It is possible that another spacecraft at 16 All moving, for 
example. Coward Che heliosphere apex, would not have seen the prolonged 
modulation observed by Pioneer 10. That is, in the direction away from Che 
apex (toward Che Call) Che solar wind is expected to remain supersonic and 
fully ionized to larger distances from the sun than it is in other 
directions. Thus, a plasma shock front would be able to propagate Co larger 
heliocentric distances in the heliospheric tail directxon than xn other 
directions where it would reach the heliosphere boundary sooner. Therefore, 
Che shock would contxnue to be a barrier to energetic particle propagations 
longer in this tail direction chan xn other directions. 

A related speculation concerning modulation concerns the properties of 
Che snocks themselves. We noted above that the shocks from the September 
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flares produced negligible acceleration in the 11-20 IleV protons at Pioneers 
10 and 11. Pyle, et al., note that the September flare also produced 
negligible modulation of cosmic ray particles. In contrast the shocks 
associated with the April flares had large effects on the 11-20 MeV protons 
(which presumably included some acceleration) , and produced a large modulation 
effect which Pyle, et al., discuss at length. This raises the question of how 
the acceleration spectrum of a shock relates to its modulation effect. Based 
on this evidence, it is tempting to speculate that a shock which accelerates 
more particles may be a better modulator of particles from other sources. If 
such a relation exists, it might clarify phenomena observed at many locations 
in the solar system. However, proving such a relation might Involve a related 
question of considerably more basic physical significance. For a shock to be 
a persistently effective accelerator or modulator requires it to have some 
property which is characteristic of the shock itself and not of the plasma 
through which it propagates. The nature of this property might be simply 
geometric, perhaps no more than something related to its angular extent; or it 
might be fluid dynamic, such as the Mach number difference across the shock; 
it might involve turbulence properties or something as subtle as spectral 
properties of the plasma waves within the shock. If such effects would be 
demonstrated and understood, it might be a significant advance in space 
physics and basic plasma physics. However, at the moment it is not clear how 
such phenomena could be produced in the laboratory and analyzing such effects 
in observations of natural phenomena would be very complex. 
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AZn^HAL ASYMMETRY 

A careful examlnaclon of the data which we will describe In detail below 
provides a variety of evidence for lack of cylindrical symmetry In particle 
behavior* These departures from azimuthal 33rmmetry could be the result either 
of the persistence of the extreme azimuthal as3nnmetry In the particle flux 
nearer the sun or they could be the result of solar wind effects. We will 
first present evidence for Initial asymmetries In the particle populations. 
This evidence appears stronger than the possible effects from the solar 
wind. Nevertheless, the data are not detailed enough to distinguish clearly 
between these different possible explanations. 

As noted In the Observations, the triangles In the upper part of Figure 8 
denote the times of the flares. We have used the dashed lines to connect the 
flares to their associated energetic particles rises. The Floneer 10 
observations show that the particle fluxes from the April 28 and 29 flares 
were greater at Pioneer 10 than the fluxes from the April 15 flare. The flux 
of 0.3-1. 8 MeV protons was about ten times higher before the arrival of the 
particles confined by the shocks, and the flux of 11-20 MeV protons was about 
twice as high. However, the data In Figure 9 at the earth do not suggest that 
the particle population produced by the April 28 and 29 flares was notably 
softer than the particle population from the April 15 flare. In the broad 
rise associated with the April 15 flare, each particle population reaches a 
peak value of lO”^ of the peak on May 1 from the April 28 and 29 flares. 

This suggests that the shapes of the particle spectra for these flares were 
quite similar. The validity of the comparison between the data obtained in 
the vicinity of the earth and that obtained at Pioneer 10 is apparently 
confirmed by comparison of these later April flares and interplanetary events 
with those of the flare of April 8 and Its associated observations. The IMP 
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data confirm that this flare produced a much softer particle spectrum than 
either of the later flares - the peak flux for 0.16-0.22 MeV particles after 
A.prll 3 Is more than ten times higher than the peak flux In this energy range 
following the April 15 flare. Since these observations were made under 
similar conditions, when the spacecraft was Inside the earth's magnetosphere, 
this comparison Is Important. These observations and other IMP observations 
of the low and Intermediate energy proton data Indicate that the data are not 
seriously compromised by the magnetospherlc location. The April 8 flare 
spectrum decreases much more rapidly with Increasing energy than the April 15 
spectrum. For the 40-30 MeV protons, the April 8 peak flux Is about 10 times 
lower than the April 15 peak flux. The ratios at Intermediate energies have 
Intermediate values. This observed softening of the spectr\im for the April 8 
flare has Its counterpart In the Pioneer observations. Figure 8 shows an 
unmistakable peak corresponding to the April 8 flare In the 0.5-1. 8 MeV data 
from each spacecraft, but no clear variation In the 11-20 MeV data. The broad 
peak In the Pioneer 11 data clearly begins several days before the April 8 
flare. 

Comparison of the particle data discussed above strongly suggests that 
the 11-20 MeV protons spread out (perhaps latltudlnally as well as 
longitudinally) much more than the 0.5-1. 8 MeV protons. This Is also 
suggested by the smoothness of the time profiles of the higher energy protons 
as compared with the profiles of the low energy protons. Each flare produces 
a separate peak In the low energy proton data at both Pioneer 10 and 11, while 
observations from both spacecraft show much smoother variations in the higher 
energy proton count rates. Thus we see that the spreading process seen at 16 
AU appears already well advanced at 7 AU. 

Thus It also may be significant that the peak count rates associated with 
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the April 28 and 29 flares at Pioneer 11 are lower, by a factor of 
approximately five than the peak count races for the April 15 flare, reversing 
the relation seen at Pioneer 10. 

A strong departure from azimuthal symmetry for protons at > 80 lleV is 
indicated by the comparison of the peak in Che Pioneer 11 count rate about Day 
112 (April 22) in Figure 2 of Van Allen (see Figure 10 in the present text) 
with the corresponding Pioneer 10 data. No corresponding peak is apparent in 
the Pioneer 10 data. The peak in the Pioneer 11 energetic proton data 
occurred at a time consistent with its being associated with the April 15 
flare. Moreover, we calculate chat Pioneer 11 was about 100° away from field 
lines connecting Co Che site of the April 15 flare, while Pioneer 10 was about 
200° away. Thus Pioneer 11 was much more favorably located for detecting 
particles from that flare chan was Pioneer 10. 

Comparison of Che 11-20 MeV panels in Figure 8 above suggests Chat Che 
spectrum of this event at Pioneer 11 was significantly harder than the 
spectrxnn of the corresponding event at Pioneer 10. In addition, the Pioneer 
11 spectr\im for this event was also much harder than Che spectrum detected at 
both Pioneers in association with the April 28 flare. The contrast is even 
more extreme when the > 80 MeV data from Van Allen, as discussed above, are 
included. Rather than increasing symmetry with radial distance as with 
energy, this result suggests departures from azimuthal symmetry and perhaps 
even a surprising increased beaming as a function of energy of Che high energy 
particles along Che field lines. 

Interplanetary acceleration is another possible explanation for some of 
the phenomena discussed above. The large distances between the spacecraft, 
both radially and azimuthally, and the absence of out-of-ecliptic 
observations, raise the possibility that unobserved stream-stream interactions 
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or some other process which Is presently not clearly understood, may have 
accelerated large numbers of particles from lower energies nearer the sun up 
to energies In the 0«5-1.8 MeV range or higher. However, the rise In particle 
count rate at Pioneer 10 between approximately May 15 and May 25 (Day 135 and 
Day 145) , 1973 discussed above, for example. Is smoother than the Irapiilslve 
acceleration usually observed at shocks. The available plasma analyzer data, 
while covering less than half of each day, nevertheless do not show any strong 
evidence for additional strong shocks. At the moment we are far from having 
enough evidence to make any definite claims for the role of Interplanetary 
acceleration In the Pioneer 10 and 11 data at times well before and well after 
the shocks discussed above. However, the stream-stream Interactions that 
produce known Interplanetary acceleration effects tend not to be azlmuthally 
symmetric, so that this alternative mechanism could also prevent the 
attainment of azimuthal symmetry In energetic particle distributions. 

The complexity of behavior thus revealed suggests that If azimuthal 
symmetry Is attained by particles ejected from solar flares. It Is highly 
energy dependent. These results raise the possibility that the 11-20 MeV 
particles did not reach azimuthal symmetry at 16 AU. Similar characteristics 
of relative smoothness of the lower and higher energy particles and other 
evidence of a lack of azimuthal symmetry at 0. 5-1.8 MeV are shown In the 
September-October 1978 data in Figure 4 of Pyle, et al. (see Figure 13 in the 
present text). This evidence for highly energy-dependent cross-field 
diffusion of Mev protons over a wide range of radial distances in the outer 
solar system appears to clarify the highly energy-dependent modulation by the 
shocks associated with the April flares shown In Figure 2 of Pyle, et al. 

The heliospheric tall effect that we speculated on above could be a 
boundary condition breaking down cylindrical symmetry at sufficiently large 
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heliocentric distances, even if the symmetry was present closer to the sun. 
However, examination of Figures 8 and 9 above suggests that the variations of 
the energetic particles is not entirely Independent of flare longitude 
although considerable spreading evidently occurs. 
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CONCLUSION 

The Pioneer 10 and 11 plasma analyzers observed a pair of shocks from 
conveniently located solar flares which occurred on April 15 or 16, and on 
April 28 (and 29) , 1973* Comparison of the plasma data with the simultaneous 
energetic proton data Indicates that large nundsers of protons having energies 
between 0*5 and 1.8 Me7, and between 11 and 20 He7 (hence also, presumably. In 
the Intermediate 1.8-11 MeV range) were trapped between these shocks. The 
trapped particles may have been accelerated by the shocks, or they may have 
been ejected by the flares, or they may have been ambient cosmic rays. It Is 
likely that all three sources contributed to the final populations. 

A recent paper (Webber and Lockwood, 1981) on the long-term modulation of 
cosmic rays (> 60 MeV) may provide Indirect evidence for the trapping of 
energetic particles between Interplanetary shocks* After studying Pioneer, 
Voyager, and IMP data from 1972-1980 they concluded that solar modulation 
effects are propagated outward radially from the sun at speeds comparable with 
the solar wind speed; and consequently, chat conventional stationary state 
modulation theories need to be modified. It Is tempting Co speculate chat 
their results are attributable, at least In part, to Che confinement of 
energetic particles between Interplanetary shocks. Both our results and those 
of Webber and Lockwood indicate that the propagation of energetic particles 
and their associated cosmic ray modulation effects may be different from chose 
previously assumed (e.g., Pyle, et al.. Van Allen, O'Gallagher and !^aslyar, 
etc . ) . 

This Is Che first report, to our knowledge, that shocks whose plasma 
signatures are as faint as the smaller shocks described above can apparently 
significantly affect MeV protons. Considering Chat Pioneer 11 was 
approximately 100° W of the April 15 flare and that Pioneer 10 was about 130° 
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E and 150^ E of the April 28 (and 29) flares, respectively, these observations 
are direct evidence for shock effects that could produce modulation, "not only 
around the equatorial zone... but at least to moderately high latitudes” (Pyle, 
e t al . ) • 

The observed shocks show a strong azimuthal asymmetry, each shock being 
unmistakably evident in the plasma data at one spacecraft and barely 
detectable in the plasma data at the other spacecraft. The azimuthal 
variation of shock strength is consistent with studies employing observations 
obtained closer to sun. It is also consistent with theoretical studies at 
closer heliocentric distances (e.g.. Dryer, 1975). The evidence indicates, 
however, that at large heliocentric distances the very weak shocks still have 
a strong effect on the MeV protons. 

The azimuthally varying plasma behavior suggests that the azimuthal 
symmetry which was inferred by Pyle, et al., and Van Allen for the more 
energetic particles also may not be complete. We have found variations in 
energetic proton behavior which are consistent with energy-dependent cross- 
field diffusion or perhaps with some possibly unfamiliar interplanetary 
acceleration process. Either possibility could lead to azimuthal asymmetries 
which might actually clarify the observed energy-dependent modulation. 

Further insight might be obtained from continued tracking of Pioneer 10 
and Pioneer 11 and Voyagers 1 and 2 as they move outward from the sun and as 
the solar cycle progresses. In particular. Pioneer 10 is the only spacecraft 
moving toward the heliospheric tail. If the declining phase of the solar 
cycle produces large flares comparable to the August 1972 events, we shall be 
able to see what effect they have on the plasmas and energetic particles of 


the outer solar system 
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FIGURE CAPTIONS 


Figure 1. 


Figure 2. 


Figure 3. 


Figure 4. 


Figure 5. 


Figure 6. 


Pioneer 10 and 11 locations and the geometric relations of the 
spacecraft and flares in early 1978 (adapted from Van Allen, 

1979). The principal flares which we consider are the 3B flares 
on April 15 and 28. 

Detailed plot of Pioneer 10 speed and density data. Gaps indicate 
times of no tracking. The shocks are indicated. The first shock 
appears to have occurred during a tracking gap. 

Detailed plot of Pioneer 11 speed and density data similar to that 
shown for Pioneer 10 in Figure 2. 

Higher time resolution Pioneer 10 plasma data on June 1, 1978. On 
the basis of the increase in speed and the accompanying density 
decrease we have tentatively identified this event as a reverse 
shock. 

Higher time resolution Pioneer 10 plasma data on June 5, 1978. On 
the basis of the sharp increase in speed and a simultaneous 
density increase this has been identified as a forward shock. 

Higher time resolution Pioneer 11 plasma data on May 8, 1978. The 
sharp increase in speed and the (small) density increase have led 


us to identify this as a forward shock. 



Figure 7. 


Figure 8. 


Figure 9. 


Higher time resolution plasma data on Hay 11, 1973* On the basis 
of the large increase in speed and the pronounced density increase 
ue have identified this as a forward shock. 

Parallel plots of energetic protons in two energy ranges and the 
solar wind speed at Pioneers 10 and 11* The shock times are 
marked in each panel to show the coincidence of the plasma and 
particle changes. Triangles show the times of the flares which 
caused the shocks. The black triangles denote flares observed on 
the visible hemisphere; the white triangle denotes the April 15 
flare, which Is Inferred from the plasma and particle data. 

Dashed lines show associations between flares and variations in 
Che energetic particle count rates. The variations are both 
distinct rises and changes in the slope of Che count rate. The 
ordinates for Che energetic proton data are logarithmic. The 
small vertical lines with circles in Che two cop panels denote the 
heliocentric distance of the respective spacecraft - Che 7 AH 
location for Pioneer 11 is shown and the 16A0 location for Pioneer 
10 is shown (the 15.5 AU location for Pioneer 10 is indicated 
without a label). This figure is adapted from Pyle, et al., but 
we corrected a two-day offset in Che Pioneer 11 data and where 
available we replaced the quick look solar wind speeds with Che 
speeds from least squares fits Co Che data. 

Energetic particle data from detectors on the IMP spacecraft for 
Che particle variations associated with the flares discussed in 
the text. These data were replotted on a single vertical scale 
from plots with varying scales in Solar-Geophysical ^ata. The 



curves are particle count rates for protons in the specified 
energy ranges in MeV. Note the very prolonged enhancement 
apparently associated with the April 15 flare. The rises 
associated with the April 23 and 29 flares are so large that the 
curves have been labeled again on the right side of the large 
panel in order to clearly identify the count rates after these 
flares. The data associated with the April 8 flare are shown in 
the small panel for comparison (see text). 

Figure 10. Figure 2 from Van Allen (1979). Upper panel; daily mean scaled 
counting rate of Alert neutron monitor (Solar Geophysical Data, 
1978); middle panel; five day weighted running mean counting 
rates of University of Iowa detector C (protons > 80 MeV) on 
Pioneer 11; lower panel; the same for detector G (protons > 30 
MeV) on Pioneer 10. The approximate onset time of the Forbush 
decrease and the heliocentric radial distance and ecliptic 
longitude are shown in each case. All ordinates are logarithmic. 

Figure 11. Voyager 1 plasma wave observations of the passage of a shock on 
April 24, 1978 (F.L. Scarf, private communication). We identify 
these observations irLth the passage of the shock associated with 
the April 15 flare. 

Figure 12. Schematic depiction of the estimated shock and particle 

configuration in or near the ecliptic plane about May 8, 1978. 

The total angular extent of the shocks and trapped particles in 
the ecliptic plane is not known, nor is the behavior well away 



from the ecliptic. As the shock speed varied with ecliptic 
longitude the shock fronts are drawn as arcs of circles not 
centered at the sun. Assumptions used in constructing the figure 
and the limita of the extrapolations are discussed more in the 
text. 

Figure 13. Adapted from Figure 4 of Pyle, et al. The energetic proton 

observations associated with the Septend)er flares are unlike the 
more nearly rectangular profile of the energetic proton 
enhancement in the same energy range observed for the April shock 
pair shown in Figure 8 (see text). 
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